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ABSTRACT 
T h e  reproducibi l i ty  of the  fabricat ion p rocess  for  cells of A1/InAs/GaAs/Cul  .$e s t ruc ture  
h a s  been improved so tha t  high y i e lds  of operat ing cells have  been  obtained.  T h i s  improvement 
h a s  resu l ted  from s t ab i l i za t ion  of the  operat ion of the  GaAs f i l m  growth equipment  by grea te r  con-  
trol of the hydrogen supply  to the furnace.  A further contr ibut ion h a s  been the  u s e  of opt ica l  t rans-  
miss ion  monitoring of t he  f l a s h  evaporat ion p rocess  for t he  C u l  $e f i l m  formation. Equipment  
h a s  been  developed  for the growth of IO-cm2-area GaAs f i l m s ,  but  problems of uniformity have  
been  encountered  with t h e s e  f i l m s .  Other  work reported inc ludes  the  inves t iga t ion  of two pos t -  
fabr icat ion e t c h  t rea tments  to improve cell s tab i l i ty ,  a n d  an  eva lua t ion  of platinum as a barrier- 
forming mater ia l .  
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THIN-FILM GaAs PHOTOVOLTAIC 
SOLAR ENERGY CELLS 
by 
P. A. Crossley, R. B. Gill, P. Vohl, and M. Wolf 
RCA Astro Electronics Applied Research Laboratory 
SUMMARY 
The objective of the program is to develop an economical solar cell fabrication technique 
to produce cells with 5% sunlight efficiency, high power-to-weight ratio, and stability under 
storage and operating conditions. 
The major emphasis during the reporting period has been on improvement of the reproduc- 
ibility of the processes in use.  The InAs and GaAs f i lm growth techniques have been brought 
under control, and f i l m s  suitable for the fabrication of cells can now be made wi th  better than 
90% yield. The flash evaporation equipment used for the formation of the Cu, .,Se f i lms  has 
also been improved, and f i lms  wi th  a sheet resistance of 60 Q/o are now achieved wi th  better 
than 80% yield. 
The vapor-deposition technique has been applied to grow GaAs films of greater than 
10 cm2, but these have not been of sufficient uniformity to permit cells of corresponding area 
to be formed. To improve cell stability, post-fabrication etching has been examined; bromine 
in iso-propanol has been found to degrade cell performance, and resul ts  from the use  of 2% HNO, 
are not y e t  conclusive. Plat inum a s  a barrier layer has been found to give lower Voc values 
than Cu, .,Se. 
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I. GALLIUM ARSENIDE FILMS 
A. lnAs ON AI 
Near  t h e  end of the  previous cont rac t  (NAS 3-6466), a quant i ty  of 5-pm-thick A1 foil w a s  
obta ined  from Consol ida ted  Aluminum Corporation. T h i s  f o i l  w a s  prac t ica l ly  pinhole-free a n d  
e a s i e r  to h a n d l e  than the A1 foil which had been prepared in t h i s  laboratory for u s e  as s u b s t r a t e s  
during the p a s t  work. F o r  t h e s e  r e a s o n s  the commercial ly  obta ined  foil h a s  been  s u b s t i t u t e d  for 
the evapora ted  foil a n d  h a s  been  u s e d  as  s u b s t r a t e  mater ia l  throughout the  p r e s e n t  report  per iod.  
T h e  A1 foil s u b s t r a t e  is precoa ted  with a polycrys ta l l ine  film of n-type InAs before  t h e  
growth of the  GaAs f i l m .  T h e  InAs f i l m  is grown by vapor  t ransport  from n-type polycrys ta l l ine  
s o u r c e  wafers  at a s u b s t r a t e  temperature  of approximately 650°C. T h e  InAs s o u r c e  temperature  
i s  es t imated  to be approximately 725°C. Typica l ly ,  f i lms averaging be tween 3.5 and 4.5 pm in 
th ickness  were  obtained from a 20-hour growth. S ince  the  vapor  t ransport  is be l ieved  to u t i l i z e  
the oxide reac t ion’  
i t  w a s  thought that  i n c r e a s e d  t ransport  r a t e s  could  be obta ined  by the introduct ion of cont ro l led  
amounts  of water  vapor in to  the  furnace.  Consequent ly ,  the “dry” hydrogen g a s  flow l i n e  w a s  
modified as  shown in F igure  1. Commercial  hydrogen is p a s s e d  from the g a s  cy l inder  through a 
palladium purifier to a water  t rap a t  0°C through which i t  i s  bubbled prior to entry in to  the  furnace.  
In t h i s  manner,  a controlled amount of w a t e r  vapor is permit ted to e n t e r  the furnace.  U s i n g  t h i s  
modified s y s t e m  it  i s  now p o s s i b l e  to prepare InAs f i l m s  approximately 4 pm thick in two hours .  
T h e  dis t r ibut ion of a v e r a g e  InAs t h i c k n e s s  current ly  be ing  obta ined  for a 1 2 0  2 15 minute growth 
period is shown in F igure  2. T h e  InAs f i lms prepared by the modif ied p r o c e s s  also a p p e a r  to be 
much more uniform than the  f i lms obta ined  in t h e  p a s t .  
B. GaAs GROWTH PROCESS (SMALL AREA) 
1. initial Growth Process 
T h e  G a A s  growth p r o c e s s  which w a s  developed  e a r l i e r 2  employed the  c l o s e d - s p a c e  
technique in a n  ambient of “dry” ultra-pure hydrogen g a s .  S ingle-crys ta l  n- type GaAs  w a f e r s  
were  u t i l i zed  as  the s o u r c e ,  the  s u b s t r a t e  being aluminum foil c o a t e d  with a n  InAs  film. It 
w a s  e s t a b l i s h e d  that to produce GaAs  f i lms s u i t a b l e  for s o l a r  cell fabr ica t ion ,  a 16-hour over-  
night growth followed by a 5-hour growth from a f resh ly  e t c h e d  s o u r c e  wafer  w a s  n e c e s s a r y .  
During the first  th ree  months of t h i s  report  per iod,  t h i s  p r o c e s s  cont inued  to b e  c h a r a c -  
ter ized by a low yield and lack  of reproducibi l i ty  of G a A s  f i lms  s u i t a b l e  for u s e  in s o l a r  cells. 
In addi t ion to the  furnace i n s t a b i l i t i e s  which resu l ted  in nonreproducib le  e l e c t r i c a l  p roper t ies  
i t  w a s  found tha t  large var ia t ions  of average  GaAs  film t h i c k n e s s  c o u l d  o c c u r  for  f i lms  prepared 
under what  were apparent ly  the s a m e  growth condi t ions .  T a b l e  I lists t h e  a v e r a g e  th icknees  of 
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Figure 2. Thickness distribution for lnAs films. 
TABLE I 
P R O P E R T I E S  O F  G a A s  FILMS GROWN B Y  “ D R Y  H Y D R O G E N ”  P R O C E S S  
Film 
No. 
R 38 
R40 
R42 
R43 
R44 
R45 
R40a 
R41a 
R42a 
R43a 
R44a 
Length of 
Growth 
(Hours) 
16 
16 
16 
16 
16 
16 
4% 
1 
4 
1 
4 
1 
4 
1 
4 
1 
H2 Flow 
(cm3 min-’) 
5 
5 
4 
5 
5 
5 
5 
1 
5 
1 
4 
1 
5 
1 
4 
1 
< t >  
( c l d  
8.3 
4.3 
9.3 
8.2 
4.4 
9.3 
2.5 
3.5 
3.1 
2.1 
2.8 
4 
some of the  G a A s  f i l m s  prepared by the above-descr ibed p rocess .  T h e  average  film th i ckness  
Any weight  loss due  to t ransport  of InAs from the  s u b s t r a t e  is neglec ted .  
1 is computed from the  difference in  weight  of the  f i lm s t ruc ture  before and  a f t e r  the GaAs growth. 
I 
T h e  G a A s  t ransport  p rocess  u t i l i ze s  the  oxide  reac t ion  
2 GaAs,s ,  + 
and the  t ransport  r a t e  is extremely s e n s i t i v e  t o  the water  vapor (oxygen)  concent ra t ion  p resen t  
in  the furnace.  S ince  “dry” ultra-pure hydrogen, p a s s e d  d i rec t ly  from the g a s  cy l inder  to the  
furnace without  fur ther  purif icat ion,  w a s  employed as the  ambient ,  the s o u r c e s  of water  vapor  
(oxygen) which would in  fact cont ro l  the  t ransport  p rocess  a r e  be l ieved  to have  been  determined 
by : 
(a )  impuri t ies  in  the  ultra-pure hydrogen, 
(b) water  and  oxygen absorbed  on the furnace  wa l l s  during the  time tha t  the  
furnace is open to  a i r ,  
(c )  water  vapor absorbed  by the  graphi te  hea ter ,  and  
(d) microscopic  l e a k s  to  a i r  in the furnace  sys t em.  
It is be l ieved  tha t  (c )  and  (d) were  predominant. S tab le  operat ion of the  furnace under  t h e s e  
condi t ions  w a s  extremely diff icul t  to achieve  s i n c e  both the  microscopic  l e a k s  and  the ex te rna l  
furnace environment could  not  be readi ly  control led.  
I t  w a s  a l s o  e s t a b l i s h e d  that  the GaAs growth r a t e  dropped rapidly from about  1 pm per  
hour i n  the  f i r s t  hour of growth to  approximately 0.2 pm per  hour in  the  16th hour of growth. 
Assuming a leak-free sys t em,  i t  is s e e n  that t he  dec reased  growth r a t e  would be  a r e su l t  of 
the reduct ion in  water  vapor  concent ra t ion  from the  in i t ia l  va lue ,  brought about  by the  flow of 
hydrogen during furnace  operat ion.  I t  is bel ieved tha t  var ia t ions  in the  wa te r  vapor  concent ra -  
tion were  also the  predominant c a u s e  of the d i f f icu l t ies  encountered in  a t tempting to obta in  
reproducible  e l ec t r i ca l  cha rac t e r i s t i c s  in  the GaAs films. 
2. Modified Growth Process 
For the  r easons  out l ined  above  the hydrogen flow sys t em h a s  been  modified as  shown 
in F igu re  3. Commercial  tank hydrogen is p a s s e d  through a pal ladium purifier to  a tee from 
which  i t  c a n  b e  e i the r  bubbled through a water  t rap which is maintained at 0°C by an  ice ba th  
or p a s s e d  d i rec t ly  to the furnace.  Us ing  his sclleiiic, the i-ilixifig of :.n:izzs ‘ ~ r n n u ~ t s  d ‘ ‘wet” 
and  “dry” hydrogen prior to entry in to  the furnace  is poss ib l e .  T h e  flow ra te  through e i the r  
arm of the  tee c a n  be  cont ro l led  by needle  va lves  loca t ed  in  e a c h  arm and  monitored by not ing 
the  number of bubbles  per  un i t  time a s  hydrogen p a s s e s  through a n  o i l  t rap which is loca ted  on 
the  e x h a u s t  s i d e  of the furnace.  Ca re  is taken to  ensu re  minimization of l eakage  effects. A s  a 
r e su l t ,  i t  is p o s s i b l e  to vary the  growth environment in  a control led,  reproducible  manner. 
. .  
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3. GaAs F i l m  Properties . 
B e s i d e s  the la rge  var ia t ions  in  GaAs f i lm t h i c k n e s s  j u s t  descr ibed ,  it  h a s  also been  
e s t a b l i s h e d  tha t  when us ing  the  ini t ia l ly  descr ibed  t ransport  p r o c e s s ,  s m a l l  var ia t ions  in  t h e  
hydrogen flow r a t e  would produce la rge  c h a n g e s  i n  the e l e c t r i c a l  c h a r a c t e r i s t i c s  observed  when 
the GaAs f i lms were t e s t e d  wi th  a p r e s s e d  Au d o t  c o n t a c t  ( F i g u r e  4 ) .  Since  p a s t  e x p e r i e n c e  h a s  
ind ica ted  t h a t  s o l a r  cells must  b e  fabr ica ted  from f i lms having a breakdown vol tage  grea te r  than 
3 V, i t  is s e e n  tha t  i t  is n e c e s s a r y  to operate  under  condi t ions  i n  which a s l i g h t  var ia t ion in  
\ 
2 c 
0.67 1.0 IS cm! m i d  
HYDROGEN F L W  RATE DERIVED FROM BUBBCE RATE 
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Figure 4. Electrical properties of gold dot contact to GaAs films 
as a function of hydrogen flow rate. 
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hydrogen flow ra te  would r e s u l t  in  e i t h e r  a f i lm w h o s e  s e r i e s  r e s i s t a n c e  is too high or a film 
with a low breakdown vol tage .  I t  h a s  also been  e s t a b l i s h e d  tha t  the  re la t ionships  shown in  
F igure  4 apply  only to a par t icu lar  furnace  opera t ing  under  uncontrol led in i t ia l  condi t ions .  
T h u s ,  var ia t ions  in the growth environment produce unpredictable  s h i f t s  to the right or left of 
the c u r v e s  shown in F igure  4.  While a s imi la r  behavior  h a s  been  observed  i n  a furnace  which 
w a s  a dupl ica te  of the one  u s e d  in  the a b o v e  test, i t  w a s  found tha t  the a c t u a l  opera t ing  con- 
di t ions required to obtain comparable  e l e c t r i c a l  p roper t ies  of the f i lms were  q u i t e  different .  
From the  above r e s u l t s  o n e  c a n  pos tu la te  compensa t ion  as the  mechanism tha t  ul t imately 
de te rmines  the e lec t r ica l  c h a r a c t e r i s t i c s  of t h e  G a A s  f i lms.  Fur ther ,  i t  is known that :  
(a )  oxygen behaves  as a compensa tor  in n-type G a A s ,  and 
(b) oxygen par takes  in t h e  t ransport  p r o c e s s .  
I t  is bel ieved tha t  oxygen is enter ing the f i lms a s  a compensa tor  a n d  ul t imately deter-  
mines the e l e c t r i c a l  p roper t ies  of the GaAs f i lms.  S ince  the d e g r e e  of compensa t ion  is governed 
by the concentrat ion of water  vapor  in  the furnace,  the s h i f t s  of the  c u r v e s  of F i g u r e  4 to the  
right or left in a n  unpredictable  manner would be a r e s u l t  of the var ia t ions  of w a t e r  vapor  con-  
centrat ion c a u s e d  by t h e  furnace i n s t a b i l i t i e s  descr ibed  e a r l i e r .  T h u s ,  for a given in i t ia l  con-  
centrat ion and l e a k  rate, higher  flow r a t e s  would lower the n e t  w a t e r  vapor  concent ra t ion  at any  
given time s i n c e  the hydrogen flow would tend to s w e e p  t h e  w a t e r  vapor  o u t  of t h e  furnace.  T h i s  
would r e s u l t  in a dependence  of e l e c t r i c a l  p roper t ies  on flow r a t e  s imi la r  to tha t  shown in Figure 4. 
From the  above d i s c u s s i o n ,  the  exper ienced  low y ie ld  (- 20%) of GaAs  f i l m s  p o s s e s s i n g  
a c c e p t a b l e  e lec t r ica l  c h a r a c t e r i s t i c s  is e a s i l y  understood.  Furthermore,  i t  w a s  found tha t  t h e  
r e s u l t s  of t h e  p r e s s e d  gold dot e l e c t r i c a l  measurement  were  independent  of t h i c k n e s s .  I t  w a s  
observed  tha t  only about 20% of the  f i lms grown had  an  a v e r a g e  t h i c k n e s s  grea te r  than 1 2  pm, 
which had e a r l i e r  been e s t a b l i s h e d  as the minimum t h i c k n e s s  requirement.  Consequent ly ,  o n e  
could not  e x p e c t  a yield of s o l a r  cells grea te r  than 4% from the  or iginal  p r o c e s s ,  a s s u m i n g  a 
100% yie ld  of cells from a c c e p t a b l e  f i lms and  0% yie ld  from f i lms  which did n o t  meet  minimum 
requirements .  T h e  yield in prac t ice  w a s  between 5 a n d  7% for s o l a r  cells having  power output  
greater  than zero.  
Us ing  the  modified GaAs  growth p r o c e s s  d e s c r i b e d  e a r l i e r  i t  h a s  b e e n  found that :  
(a )  G a A s  f i l m s  of s a t i s f a c t o r y  t h i c k n e s s  ( >  1 2  pm) c a n  b e  readi ly  produced.  
(b) T h e  GaAs c r y s t a l l i t e  size at the s u r f a c e  of the  film h a s  b e e n  s igni f icant ly  
increased .  
T h e  ins tab i l i t i es  in the smal l -a rea  furnace h a v e  been  reduced  to s e c o n d -  
order  effects. 
(d) T h e  e lec t r ica l  p roper t ies  of the  G a A s  f i lms as exhib i ted  when tested with 
a p r e s s e d  gold dot  c o n t a c t  c a n  b e  readi ly  reproduced.  
(c)  
T h e  in i t ia l  resu l t s  u t i l i z ing  the  modif ied GaAs  growth p r o c e s s  i n d i c a t e d  tha t  f i lms  of 
approximately 15 pm in average  t h i c k n e s s  c o u l d  b e  reproducibly grown during a s i n g l e  22-hour 
growth c y c l e .  Recent  modi f ica t ions  in  the  s u b s t r a t e  mounting h a v e  s i n c e  i n c r e a s e d  the  a v e r a g e  
t h i c k n e s s  to approximately 20 pm as shown i n  T a b l e  11. I t  s e e m s  then  t h a t  the problems of thick- 
n e s s  control  a n d  reproducibil i ty h a v e  been  vir tual ly  e l imina ted .  
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TABLE I1 
P R O P E R T I E S  OF GaAs FILMS GROWTH B Y  MODlFIED PROCESS 
19.2 
19.5 
18.8 
20.0 
21.2 
19.3 
18.7 
18.7 
Fi Im 
No. 
R-66 
B- 4 
R-67 
B- 5 
R-69 
B- 7 
Length of 
Growth 
(Hours) 
H2 Flow 
(cm3 min-1) 
(INITIAL MO 
22 
22 
22 
22 
22 
22 
~ 
IIFICATION) 
10 
10 
10 
10 
10 
10 
< t >  
( P d  
16.6 
14.2 
17.6 
15.4 
14.5 
15.8 
R-71 
B-9 
R-72 
B- 10 
R-73 
B-11 
R-74 
B-12 
< t > = (15.7 ? 1.0) ,urn 
(FINAL Mol 
22 
22 
22 
22 
22 
22 
22 
22 
< t > = (19.5 ? 0.6) pn 
A by-product of the inc reased  GaAs film th i ckness  currently being obta ined  h a s  been a 
pronounced i n c r e a s e  in the GaAs c rys t a l l i t e  size at the f i l m  su r face  as shown in the photomicro- 
graphs  of Figure  5. F i lm  R-40a is one of the last fi lms prepared us ing  the  original double  growth 
p r o c e s s  whi le  film R-74 is one  of the  most recently grown fi lms us ing  the modified growth tech- 
nique. T h e  d i f fe rence  in  c rys t a l l i t e  size at the su r face  is readily observed.  While no la rge  
c r y s t a l l i t i e s  c a n  b e  found on the  s u r f a c e  of film R-40a, i t  is apparent  tha t  the s u r f a c e  of film 
R-74 is composed mainly of 15- to  20-prn GaAs c rys t a l l i t e s .  T h e  dark portion of R-40a h a s  a 
sorface f i l m  of C u i  .6Se tha t  is approximately 200 K thick.  
Although suf f ic ien t  d a t a  a r e  not yet a v a i l a b l e  to permit cho ice  of an  optimum GaAs growth 
environment ,  i t  h a s  been  ten ta t ive ly  decided to ope ra t e  in  a n  environment  obta ined  by mixing one  
par t  ‘ (dry” hydrogen and  one  part  “wet”  hydrogen at  a to t a l  flow ra t e  of approximately 10 cm3 
p e r  minute. T h e  e l ec t r i ca l  cha rac t e r i s t i c s  of two recent ly  grown fi lms a r e  shown in F igu re  6. 
F i lm  R-77 w a s  grown in the original small-area furnace whi le  f i l m  B-15 w a s  prepared in a furnace 
tha t  w a s  recent ly  a s sembled .  T h e s e  f i lms  were prepared under  the  same environmental  and  oper- 
a t ing  condi t ions .  To d a t e  no d i f f icu l ty  h a s  been  encountered  in reproducing e l e c t r i c a l  charac te r -  
istics of the  type  shown in F igu re  6. I t  should  also be  noted tha t  no breaking-in period w a s  re- 
qui red  for the  new furnace.  
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R - 4 0 0  
R- 74 
.-, 10 MICRON DIVISIONS 
Figure 5. Photomicrographs of GaAs f i lm surfaces. 
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I 
6 -I5 
t 
t 
R-77 
F i p p  6 .  Electrical characteristics of  gold dot contacts to two GaAs fi lms. 
In summary,  us ing  the modified growth techniques  i t  is now p o s s i b l e  to opera te  two fur- 
n a c e s  under  s imi la r  environmental  condi t ions  and o b t a i n  from both of them a high y ie ld  ( >  90%) 
and reproducibi l i ty  of GaAs f i lms  s u i t a b l e  for s o l a r  cell fabricat ion.  
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c. GaAs GROWTH PROCESS (LARGE AREA) 
1. Equipment 
The design of equipment for the growth of large-area f i l m s  of GaAs (10 c m 2 )  was based 
on that used in the work on 1-cm2 films. A diagram showing the major features of the furnace i s  
given in Figure 7 .  
O-RING SEAL QUARTZ ENVELOPE 
WATER COOLING COIL 
Figure 7(a). Vertical section of large-area GaAs film furnace. 
1 
amRENr colvNEcTlolvs 
Figure 7(b). Plan view of large-area GaAs film furnace, quartz envelope removed. 
12 
T h e  G a A s  s o u r c e  wafers  a r e  separa ted  from the s u b s t r a t e  by alumina s p a c i n g  p i e c e s  
around the per iphery of the growth a r e a .  The  s o u r c e  w a f e r s  r e s t  on the hea t ing  e lement ,  which is 
of graphi te  h e a t e d  d i rec t ly  by the p a s s a g e  of a n  e l e c t r i c  current .  T h e  hea t ing  e lement  is mounted 
between the two arms  shown in the f igure,  these providing both mechanica l  suppor t  a n d  e l e c t r i c a l  
connect ions.  
T h e s e  two arms  p a s s  through a metal  p l a t e  which  forms the end  p i e c e  of the  furnace  enve-  
lope.  T h i s  p l a t e  is water-cooled by means  of the  coil shown,  a n d  e l e c t r i c a l  i so la t ion  from the 
two arms is provided by annular  ceramic  s e a l s .  T h e  remainder  of the  outer  e n v e l o p e  is of quar tz ,  
the seal to the end-p la te  being made by means of a n  O-ring. Tubulat ion for the  hydrogen ambient  
u s e d  i n  the furnace is provided at the  e n d s  of t h e  furnace  envelope .  T h e  hydrogen s u p p l y  h a s  
been ultra-high-purity cy l inder  g a s ,  u s e d  without further t reatment .  
2. Operation 
T h e  flow ra te  of hydrogen through the furnace  during operat ion h a s  been monitored by 
observing t h e  bubble  ra te  in  a n  oil trap on the e x h a u s t  s i d e  of the furnace,  the flow r a t e s  u s e d  
being too low for the u s e  of flowmeters.  
T h e  furnace temperature  is l imited by t h e  melt ing point  of the aluminum s u b s t r a t e s ,  t h e  
furnace being opera ted  as n e a r  to t h i s  point as  p o s s i b l e .  T h e  temperature h a s  been set during 
operat ion by monitoring the h e a t e r  current ,  and to obta in  a d e q u a t e  s tab i l i ty  in t h i s  way,  t h e  power 
to the h e a t e r  h a s  been  obta ined  from a regulated supply .  Curren ts  in the  region of 20 A h a v e  
been  employed,  the  e x a c t  va lue  depending  on t h e  hea t ing  e lement  in u s e .  
T y p i c a l  furnace growth per iods have b e e n  around 16 hours .  
3. Results 
Large-area  f i lms h a v e  been grown in t h e  furnace,  and  port ions of t h e s e  h a v e  been s u i t a b l e  
for s o l a r  cell fabricat ion.  However ,  f i lms s u i t a b l e  for the  fabricat ion of 10-cm2 cells h a v e  not  
been obta ined ,  and  the fac tors  which a r e  bel ieved to h a v e  contr ibuted to t h i s  resu l t  a re  d i s c u s s e d  
below. 
T h e  major  factor  is thought to have  been  nonuniformities in temperature  o v e r  the  growth 
area ,  c a u s e d  by nonuniformit ies  i n  the heat ing e lement  temperature.  Several  d e s i g n s  of hea t ing  
e lement  h a v e  been e v a l u a t e d ,  the most  s u c c e s s f u l  form be ing  the  “picket-fence” type shown in 
F i g u r e  7, a l though t h i s  also e x h i b i t s  some low-temperature a r e a s  around its e d g e s .  
T h e  f i lms which h a v e  b e e n  obtained s h o w  s u r f a c e  fea tures  which appear  to h a v e  b e e n  
c a u s e d  by g a s  flow nonuniformities in the growth region. T h e s e  a r e  poss ib ly  d u e  in  par t  to the  
temperature  nonuniformit ies  d i s c u s s e d  above,  and  p o s s i b l y  d u e  i n  par t  to s m a l l  g a p s  be tween the  
a lumina  s p a c e r s  u s e d  in  mounting the s u b s t r a t e s .  Work i n  the smal l -a rea  furnace also encoun-  
tered d i f f icu l t ies  due  to nonuniformities,  and, for th i s  reason ,  the  operat ion of t h e  la rge-area  
furnace  w a s  s u s p e n d e d  unt i l  the  problems in the  smal l -a rea  furnace were overcome.  T h e  s t a b i -  
l i za t ion  of the  growth p r o c e s s  in the  small-area furnace,  by the introduction of cont ro l led  amounts  
of w a t e r  vapor,  i n d i c a t e s  tha t  t h i s  a l s o  may be a p o s s i b l e  approach to the so lu t ion  of the  diffi- 
c u l t i e s  with t h e  large-area furnace.  
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II. CUPROUS SELENIDE 
c 
A. MODIFICATIONS TO EQUIPMENT 
1. Flash Evaporator 
Evaporat ions conducted  u s i n g  the  or iginal  f lash  evaporat ion feed  equipment  r e s u l t e d  in  
a low yield of CuzSe f i l m s  with adequate ly  low r e s i s t a n c e  (40 to 70 Q / o )  and high t ransmiss ion  
of 1.5-eV radiat ion (60 to 70%). For t h i s  reason ,  the  f l a s h  evaporat ion par t ic le  feeder  w a s  re- 
des igned .  T h e  new par t ic le  feed  s c h e m e  i s o u t l i n e d  in  F i g u r e  8. 
To VbRAC 
'-guGsTEN BASKET SHUTTEFt 
I1 
Figure 8. Modified cuprous selenide flash evaporator. 
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A 60-Hz current  is p a s s e d  through the coil, which by induct ion c a u s e s  the 20-mil magnet ic  
spr ing steel p l a t e  to vibrate .  A Kovar c u p  is spot-welded to o n e  e n d  of the  steel p la te .  T h e  c u p  
conta ins  cuprous s e l e n i d e  p a r t i c l e s  and  h a s  in its c e n t e r  a h o l e  approximately 3X the  a v e r a g e  
par t ic le  size. During operat ion,  the  cuprous  s e l e n i d e  p a r t i c l e s  fall through t h i s  h o l e  in to  a q u a r t z  
tube which d i r e c t s  them in to  a tungs ten  hea ter  maintained at 1400OC. If the number of p a r t i c l e s  
in  the c a n  is la rge  compared with the number required for  the  evaporat ion,  a uniform feed  r e s u l t s  
from t h e  random s c a t t e r i n g  of the p a r t i c l e s  by the  vibrat ing steel p la te .  T h e  ra te  of feed c a n  be 
e a s i l y  control led by varying the  cur ren t  p a s s i n g  through the  coil which in  turn direct ly  de te rmines  
the ampli tude of vibration of the steel p la te .  
2. Fi lm Thickness Monitor 
T h e  complex na ture  of the cuprous  s e l e n i d e  evaporat ion p r o c e s s ,  which had  been pre- 
viously e s t a b l i s h e d ,  c l e a r l y  ind ica ted  tha t  s imple monitoring of the cuprous s e l e n i d e  fi lm re- 
s i s t a n c e  d id  not  permit a c c u r a t e  predict ion of the  film t ransmiss ion .  S ince  
effects in  s o l a r  cell performance due  to s m a l l  var ia t ions  in the s h e e t  r e s i s -  
t ance  of the cuprous  s e l e n i d e  film c a n  b e  minimized by a s u i t a b l e  grid 
s t ruc ture ,  and  
any var ia t ion in  cuprous  s e l e n i d e  fi lm t ransmiss ion  would produce a f i rs t -  
order  effect in  s o l a r  cell performance, 
a means  of monitoring the t ransmiss ion  of the cuprous  s e l e n i d e  film during formation w a s  c l e a r l y  
required.  A s imple  film t ransmiss ion  monitor, as out l ined i n  F i g u r e  8, h a s  been  i n s t a l l e d  in the  
vacuum s y s  tern. 
L ight  from an e x t e r n a l  s o u r c e  is p a s s e d  to a s i l i c o n  s o l a r  cell through a microscope slide 
tha t  is pos i t ioned  in  the  evaporant  s t ream.  T h e  current  of the  s o l a r  cell, which is direct ly  pro- 
port ional  to the  t ransmiss ion  of the cuprous s e l e n i d e  fi lm formed on the g l a s s ,  is monitored 
during the  evaporat ion.  In t h i s  manner  i t  is p o s s i b l e  to obta in  cuprous  s e l e n i d e  f i lms of pre- 
determined t ransmiss ion  with good reproducibil i ty.  
B. RESULTS OBTAINED WITH MODIFIED EQUIPMENT 
Some recent  r e s u l t s  u s i n g  t h i s  monitor a r e  shown i n  T a b l e  111. Evaporat ion S-14 is n o t  
c o n s i d e r e d  typ ica l  s i n c e  during evaporat ion d i f f icu l t ies  were  encountered  i n  maintaining a uni-  
form par t ic le  feed rate .  
A s  found i n  the  previous work, the cuprous  s e l e n i d e  f i lms a r e  u n s t a b l e  in  a i r ,  the  f i lms 
be ing  charac te r ized  by a drop i n  both s h e e t  r e s i s t a n c e  and  t ransmiss ion  a f te r  s e v e r a l  w e e k s  of 
s h e l f  life. T h e  c a u s e  of t h e  ins tab i l i ty  is not y e t  fully understood.  
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TABLE I11 
CUPROUS SELENIDE FILM CHARACTERISTICS ON GLASS 
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111. CELLS 
A. CELLS O N  GaAs FILMS GROWN BY INITIAL PROCESS 
During the  ear ly  par t  of t h i s  work, 1 2  c e l l s  were  f ab r i ca t ed  from GaAs fi lms which had 
been grown by t h e  in i t ia l ly  desc r ibed  transport p r o c e s s .  T h e s e  cells var ied  in a r e a  from 0.1 to 
0.7 cm2.  When probed with a p r e s s e d  gold dot con tac t  immediately fol lowing the cuprous  sele- 
n ide  evapora t ion ,  all of them were  charac te r ized  by low shun t  r e s i s t a n c e  and  nonuniform photo- 
vo l ta ic  response .  In s e v e r a l  i n s t a n c e s  t h e  low shun t  r e s i s t a n c e  could  be  e l imina ted ,  and  th i s  
resu l ted  in a s igni f icant  improvement i n  both the  photovol ta ic  and  d iode  proper t ies  of the  cells. 
However, in all cases in which  e f f i c i enc ie s  in the  2 to 3% range  were  ind ica ted  by t e s t ing  the 
ungridded cell with a 3-mW light ,  evaporat ion of a gold comb grid s t ruc tu re  resu l ted  in a grid- 
to-InAs shor t  c i r cu i t  which rendered the c e l l  useless for further measurements .  
T h e  l ack  of control and  nonreproducibil i ty of t he  GaAs film proper t ies  during th i s  portion 
of the work l ed  to a very low y ie ld  of working cells. 
B. CELLS O N  GaAs FILMS GROWN BY MODIFIED PROCESS 
Recent ly ,  fabrication of cells from GaAs fi lms grown by themodif ied  p rocess  w a s  ini- 
tiated. Of the  20 cells a t tempted  to d a t e ,  15 working cells, e a c h  approximately 0.7 cm2 in a r e a ,  
have  been  fabricated.  Of the  five failures, four were  due  to a poorly cont ro l led  cuprous  s e l e n i d e  
evaporat ion and  one  w a s  d u e  to  cell breakage during post-fabrication handling. Al l  cells had an  
evapora ted  gold comb grid s t ruc tu re  but no antireflection coa t ing .  
T h e s e  cells were  eva lua ted  under 100-mW tungs ten  i l lumination immediately a f te r  
fabrication. T h e  c h a r a c t e r i s t i c s  of s e v e r a l  cells under  test condi t ions  a r e  shown in F igu re  9. 
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Figure 9.  
Electrical characteristics of small-area 
cells under 100 mW cme2 illumination. 
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The photovoltaic response of the small-area cells to 100-mW cm-2 tungsten illumination has been 
summarized in  Table IV. None of the cells except B-7, B-9, R-69, and R-71 were etched during 
fabrication. Cells B-7 and R-69 w e r e  etched in a solution of bromine in iso-propanol, and cells 
R-71 and B-9 were etched in  dilute nitric acid, prior to the cuprous selenide evaporation. 
TABLE IV 
PHOTOVOLTAlC RESPONSE OF SMALL-AREA CELLS 
Cel I 
No. 1 
R-65 
R-66 
B- 3 
R-67 
B- 5 
R-68 
B- 6 
R-69 
R-7 1 
B- 7 
B- 9 
R-72 
R-73 
B- 10 
B-11 
Area 
(cm2) 
0.88 
0.77 
0.76 
0.66 
0.78 
0.69 
0.69 
0.64 
0.66 
0.66 
0.68 
0.69 
0.66 
0.72 
0.72 
T Cu2Se 
(%o) 
69 
71 
71 
71 
69 
69 
69 
70 
70 
70 
70 
74 
74 
74 
74 
v o  c 
(V) 
0.51 
0.54 
0.51 
0.53 
0.56 
0.51 
0.44 
0.44 
0.34 
0.42 
0.35 
0.48 
0.48 
0.49 
0.51 
' s c  
(mA) 
9.5 
4.6 
9.0 
7.2 
9.1 
8.3 
7.4 
7.1 
4.6 
7.0 
3.8 
4.8 
4.4 
3.6 
5.0 
f 
0.52 
0.58 
0.53 
0.486 
0.484 
0.574 
0.352 
0.456 
0.556 
0.530 
0.572 
0.659 
0.634 
0.566 
0.571 
pm P 
(mW) 
2.50 
1.37 
2.44 
1.86 
2.44 
2.45 
1.15 
1.40 
0.91 
1.59 
0.75 
1.50 
1.28 
1.00 
1.44 
2.84 
1.77 
3.2 
2.8 
3.1 
3.55 
1.67 
2.19 
1.38 
2.40 
1.10 
2.19 
1.94 
1.39 
2.00 
These r e s u l t s  indicate t h a t  the leakage and short-circuiting, which had been associated 
with the evaporations of both the cuprous selenide and the  gold grid in the earlier cells, have 
been significantly reduced in the cells prepared by the modified GaAs growth process. It ap- 
pears that fabrication of small-area cells is  now possible with a reasonable yield of working 
cells. 
C. STABILITY 
Although techniques were developed ( i n  the earlier work) which retarded t h e  degradation 
of the cuprous selenide-gallium arsenide barrier cells, no treatment w a s  found which would always 
prevent eventual severe deterioration of the cell performance. Therefore, a study of the effects 
of post-fabrication treatments on cell performance and stability has been initiated. 
Cells were completed up  to and including t h e  grid evaporation, and w e r e  measured for 
performance under tungsten illumination. Test cells w e r e  then  treated with one or another of the 
following etches: 
, 
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1. d i l u t e  (2%)  nit r ic  a c i d  
2 .  d i l u t e  so lu t ion  of bromine i n  iso-propanol  
Control s a m p l e s  of une tched  cells were also kept .  Immediately a f te r  e tch ing ,  cell perfor- 
mance w a s  aga in  eva lua ted  under  100-mW cm-*  tungs ten  i l luminat ion.  T h e  cells were  p l a c e d  in  
s t o r a g e  in low (- Torr) vacuum and a r e  per iodical ly  t e s t e d  to determine the i r  s t a b i l i t y  char-  
a c t e r i s t i c s .  While suf f ic ien t  data a r e  not  yet  a v a i l a b l e  to permit eva lua t ion  of the above  s t a b i l i t y  
tests, i t  h a s  been found t h a t  the bromine-iso-propanol e t c h  produces  a n  immediate  degradat ion of 
cell performance. 
D. OTHER STUDIES 
During a s h o r t  per iod in which  the cuprous s e l e n i d e  f l a s h  evapora tor  w a s  unavai lab le ,  a 
s m a l l  effort  w a s  d i rec ted  toward the  fabricat ion of Al-InAs-GaAs-Pt barrier cells. Severa l  cells 
of th i s  type,  with a p r e s s e d  m e s h  grid,  were  s u c c e s s f u l l y  fabr ica ted .  Al l  of t h e s e  cells, when 
tested under  100-mW cm-* tungsten i l lumination, were  c h a r a c t e r i z e d  by a low (- 0.3 V) open-  
c i rcu i t  vol tage.  T h e  c a u s e  of t h i s  reduction in  open-circui t  vo l tage  is not  fully understood.  
S ince  t h i s  cell s t ruc ture  did not  a p p e a r  more promising than the  C u l  .*Se-GaAs s t ruc ture ,  work 
in  th i s  a r e a  h a s  been  temporarily discont inued.  
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IV. CONCLUSIONS AND RECOMMENDATIONS 
It is  now possible to form operating solar cells of Al/InAs/GaAs/Cul .,Se with usable 
yields by the application of adequate process control. 
I t  is recommended that fur ther  work be concentrated in two areas. 
A. EFFICIENCY 
Until 1-cm2 area cells with 5% sunlight efficiency can be made with a reasonable yield, 
there seems to be little point in  attempting to make larger-area cells. Steps to be taken to im- 
prove cell efficiency are: 
1. Optimize the G a A s  film growth conditions to produce material giving higher 
cell efficiencies. 
2. Examine the effects of an anti-reflection coating for the  cell surface on the 
cell performance. 
3. Optimize the grid structure used for current collection on the cell surface. 
B. STABILITY 
The causes for the cell instabilities should be examined by life-testing a number of 
cells fabricated with various structures, some on single-crystal GaAs. Optical and electrical 
analysis of cells which degrade should be performed to provide an insight into the mechanisms 
giving rise to cell degradation. 
Combination of the results on the  optimization of efficiency and on the cell stability 
should yield a cell structure most likely to meet the program objectives, and cells with this 
structure should then be life-tested under more stringent conditions. 
. 
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